1. INTRODUCTION
===============

The Trypanosomatid family is an ancient group of eukaryotes that includes the genera *Leishmania* and *Trypanosoma*. During their life cycles, these parasitic protozoa show several stages that infect mammalian and insect hosts \[[@r1]\]. Around 20 different species of *Leishmania* cause leishmaniasis, which exhibits three main forms: visceral, cutaneous and mucocutaneous \[[@r2]\]. The parasite is transmitted by the bite of infected sandflies in tropical and subtropical areas of the world. *Trypanosoma brucei,* transmitted by the tsetse fly, is the etiological agent of human sleeping sickness, which affects more than 500,000 people per year in sub-Saharan Africa \[[@r3]\]. *Trypanosoma cruzi*, spread mostly by Triatominae insects, produces American trypanosomiasis. It is estimated that several million people are currently infected with *T. cruzi* in the Americas. In addition to their medical importance, trypanosomatids are relevant in the molecular biology field because they present unique mechanisms of gene expression. Recent work has revealed the importance of nucleosome structure, histone modifications and histone variants in the control of transcription in these protozoan parasites. The purpose of this article is to review the recent literature about epigenetic regulation of transcription by all three RNA polymerases (RNA Pol) in trypanosomatids.

2. HISTONES AND HISTONE VARIANTS
================================

Across *Leishmania* species, the size of the nuclear genome is conserved, as it varies from 31.9 to 32.8 megabases (Mb) in *L. braziliensis* and *L. major*, respectively \[[@r4], [@r5]\]. In most *Leishmania* species the genome is distributed into 36 relatively small chromosomes. *T. brucei* possesses a genome of 26 Mb organized into 11 large chromosomes and an unspecified number of small and intermediate-sized chromosomes \[[@r6], [@r7]\], while *T. cruzi* (genome of 60.3 Mb) has 41 chromosomes \[[@r8], [@r9]\]. Remarkably, protein-coding genes in trypanosomatids are organized into large Polycistronic Transcription Units (PTUs) that usually contain from dozens to hundreds of genes. Unlike operons in bacteria, genes from a PTU normally do not code for functionally-related proteins. The genomes of the trypanosomatids show a noteworthy conservation of gene order, despite an estimated divergence of 200 to 500 million years \[[@r10]\].

Trypanosomatids possess numerous copies of the genes encoding histones H1, H2A, H2B, H3 and H4 \[[@r11], [@r12]\]. Nevertheless, their sequences are divergent from those found in other organisms, especially within the N-terminal tail domains. Moreover, the trypanosomatid histone H1 is smaller than its orthologues in vertebrates, as it lacks the globular region \[[@r13]\]. However, similarly to other eukaryotes, nucleosomes are the fundamental unit of chromatin in these parasites. Interestingly, chromatin in trypanosomatids does not fold into 30-nm fibers, and chromosomes do not condense during mitosis \[[@r14]\].

In addition to the canonical histones, trypanosomatids contain four histone variants: H2A.Z, H2B.V, H3.V and H4.V. In *T. brucei* and *L. major*, H2A.Z and H2B.V are essential for cell viability, and they dimerize exclusively with each other \[[@r15], [@r16]\]. Sequence identity in *T. brucei* between H2A.Z and H2A, and between H2B.V and H2B is 43% and 38%, respectively \[[@r15]\]. Histones H3.V and H4.V, which seem to be unique to trypanosomatids, are not essential for viability. In *T. brucei*, sequence identity between histones H3 and H3.V is only 45%, whereas that between H4 and H4.V is 85% \[[@r17]\]. It is worth noting that an orthologue of histone H4.V has not yet been identified in *Leishmania* \[[@r16]\].

3. HISTONE-MODIFYING ENZYMES AND EFFECTOR COMPLEXES
===================================================

As in other organisms, histones in trypanosomatids contain a considerable number of post-translational modifications. Some of these chemical alterations are conserved across evolution, such as the acetylation and methylation of some lysines on histone H4, and methylation at lysine 4 on histone H3 (H3K4me) \[[@r18], [@r19]\]. Other modifications seem to be specific to trypanosomatids, including a methylated alanine that corresponds to the first residue in histones H2A, H2B and H4, and some acetylated lysines at the C-terminus of histone H2B in *T. brucei* \[[@r20]\]. Numerous post-translational modifications were recently found in *T. cruzi* histones, including the acetylation of multiple residues at the C-terminal tail of histone H2A \[[@r21], [@r22]\]. Notably, several modifications were detected in histone variants H3.V, H2A.Z and H2B.V \[[@r21], [@r22]\]. Although the function of most of the histone post-translational modifications in trypanosomatids has yet to be determined, some of them have been reported to regulate transcription (see below).

*In silico* analysis of the trypanosomatid genomes showed the presence of multiple proteins implicated in histone modifications, including acetyltransferases, histone deacetylases and methyltransferases \[[@r4], [@r23], [@r24]\]. These enzymes play important roles in fundamental cellular processes, such as transcription regulation, RNA processing, DNA replication, DNA repair and signal transduction. Trypanosomatids encode six highly-divergent Histone acetyl transferases (HATs): four related to the MYST family (HAT1 to HAT4) and two that belong to the GNAT family (ELP3a and ELP3b) \[[@r25]-[@r27]\]. In *T. brucei*, HAT1 is needed for telomeric silencing and growth, while HAT2 participates in H4K10 acetylation and growth \[[@r25]\]. HAT3 is involved in the acetylation of H4K4 \[[@r28]\], whereas HAT4, not present in *T. brucei*, is responsible for acetylation of H4K4 in *L. donovani* \[[@r29]\]. On the other hand, ELP3b, which controls RNA Pol II transcription elongation in other organisms, is a nucleolar protein that negatively regulates RNA Pol I transcription elongation of rRNA genes in *T. brucei* \[[@r26]\]. Similarly, ELP3b is specifically localized to the nucleolus in *L. major* \[[@r30]\]. The function of ELP3a, located mainly at the nuclear periphery, has not been determined yet \[[@r26]\].

Histone deacetylases are normally involved in repression of transcription. Trypanosomatids possess all three known classes of histone deacetylases: DAC1 and DAC2 (class I), DAC3 and DAC4 (class II), and three Sir2-related proteins (class III) \[[@r4]\]. From these, DAC1 and DAC3 appear to be essential in *T. brucei* \[[@r31]\]. Interestingly, while Sir2rp1 is involved in telomeric gene silencing, DAC1 antagonizes basal telomeric silencing \[[@r32], [@r33]\].

Trypanosomatids possess multiple genes that encode for histone methyltransferases of at least three families: DOT1-like, SET domain-containing, and protein arginine methyltransferases (PRMT) \[[@r4]\]. While most organisms have a single DOT1 protein, trypanosomatids contain two homologues (DOT1A and DOT1B), which methylate histone H3 on lysine 76 (the homologue of H3K79 in other eukaryotes) \[[@r34]\]. DOT1A, essential for viability, catalyzes mono- and di-methylation, whereas DOT1B mediates tri-methylation of H3K76 \[[@r34]\]. Trypanosomatids contain five different PRMTs, a relatively large number for a single-celled eukaryote \[[@r35]\]. *In vitro* methylation assays demonstrated that PRMT-6 utilizes bovine histones as a substrate; and knockdown of PRMT-6 in both procyclic and bloodstream forms of *T. brucei* led to differential defects in cell division \[[@r36]\]. PRMT-7, which is also expressed in both stages of *T. brucei,* is a component of several higher order complexes *in vivo*, suggesting that it plays multiple roles in this organism \[[@r37]\]. Interestingly, the knockout of PRMT-7 in *L. major* led to an increase in parasite infectivity both *in vitro* and *in vivo* \[[@r38]\]. In *T. brucei*, PRMT-5 is involved in novel methylation-regulated functions that may include RNA processing and translation \[[@r35]\].

Effector complexes read the histone code created by histone modifications to mediate subsequent functional outcomes. To bind to modified histones, constituents of the effector complexes have different domains that include bromodomains, chromodomains and SANT domains \[[@r39]\]. Bromodomain-Containing Factors (BDF) are involved in the recognition of acetylated lysine residues. The trypanosomatid genomes contain five genes with predicted bromodomains (BDF1 to BDF5) \[[@r4]\]. In *T. brucei*, BDF2, BDF3, and BDF5 localized to the nucleus, but only BDF3 colocalized with H4K10ac at transcription start regions (see below) \[[@r17]\]. Thus, BDF3 in *T. brucei* is involved in initiation of transcription by RNA Pol II. In contrast, BDF3 in *T. cruzi* does not seem to participate in transcription, because it is a non-nuclear protein that concentrates in the flagellum and acetylates α-tubulin \[[@r40]\]. Interestingly, BDF2 from *T. cruzi* may be involved in transcription initiation, as it associates with acetylated histones \[[@r41]\].

4. CHROMATIN-REMODELLING ENZYMES AND HISTONE CHAPERONES
=======================================================

ISWI is a member of the SWI2/SNF2-related chromatin-remodelling complexes that is involved in transcriptional repression \[[@r42]\]. An ISWI orthologue is present in trypanosomatids, which possesses a highly conserved SNF2 N-terminal domain, a conserved helicase domain, and a putative myb-like DNA-binding domain that does not correspond to the SANT-domain subclass that is typically found in ISWI proteins \[[@r43]\]. In *T. brucei*, ISWI forms a complex with three factors: nucleoplasmin-like protein (NLP), regulator of chromosome condensation 1-like protein (RCCP) and phenylalanine/tyrosine-rich protein (FYRP) \[[@r44]\]. The ISWI complex could be involved in the regulation of transcription by both RNA Pol I and RNA Pol II in *T. brucei* (see below).

Two histone chaperones, anti-silencing factor 1 (ASF1) and chromatin assembly factor 1b (CAF-1b), are involved in chromatin assembly regulation, since they contribute to the deposition and removal of histones H3 and H4 \[[@r45]\]. Similarly to most species, trypanosomatids have two ASF1 isoforms, ASF1A and ASF1B \[[@r46]\]. In *L. major* cells that overexpress ASF1A, upregulation of proteins related to chromatin remodelling and physiological stress was observed, and parasites were more susceptible to a DNA damaging agent \[[@r47]\]. Thus, ASF1A seems to participate in chromatin assembly/disassembly and in the response to DNA damage in *L. major* \[[@r47]\]. In *T. brucei*, it was shown that ASF1A and CAF-1b are important regulators of cell cycle progression \[[@r48]\]. Interestingly, ASF1A is localized to the cytoplasm, but accumulates in the nucleus in S phase. In contrast, ASF1B is always present in the *T. brucei* nucleus, and its levels increase during cell cycle progression until cell division, which suggests that ASF1B is involved in nucleosome deposition during DNA replication \[[@r46]\].

The FACT (facilitates chromatin transcription) complex is a histone chaperone that is critical for nucleosome reorganization during transcription, as it helps evict one H2A-H2B dimer to allow passage of RNA polymerases \[[@r49]\]. In yeast, FACT is composed of three subunits: Spt16, Pob3 and Nhp6. The *T. brucei* FACT complex seems to only contain the Spt16 and Pob3 subunits \[[@r50]\]. Knockdown of Spt16 lead to a G2/early M phase cell cycle arrest in both stages of the parasite. Spt16 is also involved in proper chromosome segregation in *T. brucei* \[[@r51]\].

5. DNA MODIFICATIONS
====================

DNA methylation is an epigenetic mark that controls gene expression in most organisms \[[@r52]\]. Although DNA methylation has been reported in trypanosomatids \[[@r53]\], its participation in transcription has not been proven. Interestingly, in the nuclear DNA of trypanosomatids and closely related organisms, some thymidines are hydroxylated and glucosylated to produce base J (β-D-glucosyl-hydroxymethyl- uracil) \[[@r54]\]. Thus, base J synthesis occurs in a two-step route: hydroxylation of specific T residues to form hydroxymethyldeoxyuridine (HOMedU), followed by the transfer of glucose to HOMedU to form base J \[[@r55]\]. The first step is performed by thymidine hydroxylases JBP1and JBP2, which belong to the TET/JBP subfamily of Fe2+/αKG enzymes \[[@r56], [@r57]\], and the second reaction is carried out by a glucosyltransferase \[[@r58]\]. JBP1 is essential in *Leishmania* \[[@r59]\], whereas removal of JBP1 in *T. brucei* and *T. cruzi* results in a substantial reduction of base J \[[@r60], [@r61]\]. It was estimated that 50% of the total base J in *T. brucei* is located in the telomeric repeats (being also present in other reiterated sequences and some tandemly-repeated genes) \[[@r55]\]. In contrast, in *Leishmania* the vast majority of base J (over 98%) is found in the telomeric repeats \[[@r62]\]. Recently, base J has been located in SSRs in trypanosomes and *Leishmania*, where it has been implicated in transcriptional regulation of RNA Pol II (see below) \[[@r63]-[@r65]\]. Interestingly, while base J is found in both the mammalian and the insect stages of *T. cruzi* and *Leishmania*, it is not present in the vector form of *T. brucei* \[[@r66]\].

6. EPIGENETIC CONTROL OF RNA POL II TRANSCRIPTION
=================================================

The majority of the chromosomes in trypanosomatids have at least two PTUs, which are transcribed by RNA Pol II, generating polycistronic transcripts that are processed by trans-splicing and polyadenylation to produce the mature mRNAs \[[@r67]\]. Trans-splicing is a process that adds a capped 39-nucleotide Spliced Leader (SL) RNA to the 5´ termini of all the mRNAs \[[@r68]\].

The regions flanking PTUs are called Strand Switch Regions (SSRs). It has been shown that RNA Pol II transcription initiates at divergent SSRs, whereas transcription terminates at convergent SSRs (Fig. **[1](#F1){ref-type="fig"}**) \[[@r69]-[@r71]\]. Transcription start regions do not contain a TATA box or any other typical RNA Pol II core promoter element. Notably, they share several characteristics with TATA-less promoters in vertebrates: they present multiple transcription start sites that span over 50-100 bp, they contain G and C tracts that might direct bidirectional transcription, and they seem to direct constitutive transcription \[[@r72]\].

Interestingly, a ChIP-chip study showed that all divergent SSRs in the *L. major* genome contain histone H3 acetylated at K9/K14, which in other organisms is a marker of active transcription \[[@r73]\]. In the complete *L. major* genome, only 184 peaks of the acetylated histone H3 were observed. Most peaks were found at divergent SSRs, but 54 of them were located at chromosome ends and within PTUs. Transcription factors TRF4 and SNAP50 were also found to be enriched at SSRs in *L. major* \[[@r73]\]. Another report demonstrated that some modifications related to transcription activation (acetylated H3K9/K14 and H4K5/K8/K12/K16, and tri-methylated H3K4) are associated to SSRs in *T. cruzi* \[[@r74]\]. Notably, it was reported that SSRs in *T. brucei* associate with histone H4 acetylated at K10, histone H3 tri-methylated at K4, histone variants H2A.Z and H2B.V, and the bromodomain factor BDF3 (Fig. **[1](#F1){ref-type="fig"}**) \[[@r17], [@r75]\]. Similarly to *L. major*, most peaks were located upstream of PTUs, but 61 of them were found within PTUs. Interestingly, it was shown that nucleosomes containing histone variants H2A.Z/H2B.V are less stable than canonical nucleosomes, which could facilitate the binding of the transcriptional machinery \[[@r17]\]. Moreover, it was found that histone variants H3.V and H4.V are enriched in regions where transcription ends \[[@r17]\]. Thus, histone modifications and histone variants seem to play important roles in transcription initiation and termination of protein-coding genes in trypanosomatids (Fig. **[1](#F1){ref-type="fig"}**) \[[@r23]\].

Notably, the ISWI complex components (ISWI, NLP, RCCP and FYRP) were also found to be enriched in divergent and convergent SSRs in *T. brucei* \[[@r44]\]. Thus, the ISWI complex might regulate RNA Pol II transcription in trypanosomatids. In other organisms, FACT participates in elongation of RNA Pol II transcription \[[@r49]\]. In *T. brucei*, FACT subunit Spt16 was found to be evenly distributed in divergent and convergent SSRs and within PTUs \[[@r50]\]. Remarkably, knockdown of Spt16 in this parasite produced a significant loss of histones H3 and H2A in SSRs and within PTUs, and a decrease in the levels of some RNA Pol II transcripts \[[@r50]\]. Interestingly, tandem affinity purifications showed that Spt16 associates with RNA Pol II in *L. major* \[[@r76]\]. Thus, FACT seems to participate in RNA Pol II transcription in trypanosomatids.

While most J bases are located in telomeric repeats, they are also present in regions where RNA Pol II transcription starts and stops (Fig. **[1](#F1){ref-type="fig"}**) \[[@r63], [@r64]\]. Remarkably, base J in *Leishmania* is required for proper transcription termination throughout the genome, as loss of base J produces massive readthrough at RNA Pol II termination sites \[[@r64], [@r65]\]. In contrast, base J in *T. brucei* does not regulate transcription termination at most convergent SSRs, but it seems to attenuate transcription elongation within specific PTUs and regulate transcription of downstream genes \[[@r65]\]. Interestingly, no defect in RNA Pol II transcription termination was observed upon base J loss in *T. cruzi* \[[@r61]\]; instead, base J seems to repress RNA Pol II transcription initiation in this parasite \[[@r77]\]. Thus, the role that base J plays in transcription varies across trypanosomatids. A genome-wide analysis of nucleosome positioning in *L. major* revealed high nucleosome occupancy, but little positioning, along PTUs \[[@r78]\]. Notably, low nucleosomal occupancy was observed at RNA Pol II transcription termination regions, where base J is enriched (Fig. **[1](#F1){ref-type="fig"}**) \[[@r78]\].

The SL RNA genes contain the only well-characterized RNA Pol II promoter in trypanosomatids \[[@r79]\]. Numerous transcription factors that help RNA Pol II to synthesize the SL RNA have been studied in *T. brucei* \[[@r80]\]. However, little is known about epigenetic regulation of these genes. In *L. tarentolae*, Southern blot analysis with nucleosomal ladders showed that the promoter and transcribed regions of the SL RNA genes are not organized into nucleosomes, but that a consistently positioned nucleosome was found within the non-transcribed intergenic region \[[@r81]\]. Also, a small amount of base J was detected in SL RNA genes in trypanosomes \[[@r77], [@r82]\]. Remarkably, the loss of base J leads to a decrease in nucleosome abundance, increased acetylation of histones H3 and H4, and increased RNA Pol II occupancy at SL RNA promoter regions in *T. cruzi* \[[@r77]\].

7. REGULATION OF RNA POL I TRANSCRIPTION
========================================

7.1. Ribosomal RNA Genes
------------------------

In most eukaryotes, the genes encoding the 18S, 5.8S and 28S rRNA molecules are organized as tandem repeats that are separated by intergenic spacers \[[@r83]\]. Trypanosomatids are characterized by the fragmentation of the 28S-like rRNA into multiple independent molecules: 28Sα, β, γ, δ, ε and ζ (Fig. **[2](#F2){ref-type="fig"}**) \[[@r84]\]. It was estimated that the *L. major* genome contains only ∼12 copies of the rRNA gene repeat per haploid genome, organized in head-to-tail tandem arrays \[[@r85]\]. Repetitive elements of 63 bp, contained within the intergenic spacer, separate each gene repeat. A short promoter region was localized immediately downstream of the 63-bp repeats \[[@r85]\]. In *T. brucei*, class I transcription factor A (CITFA), a trypanosomatid-specific RNA Pol I transcription factor, is essential for rRNA synthesis \[[@r86]\].

The nucleosomal architecture of rRNA genes in *L. major* was studied by Southern blots of chromatin partially-digested with micrococcal nuclease, using DNA probes spanning the whole rRNA gene repeat \[[@r87]\]. The results showed that the promoter region is practically devoid of nucleosomes, whereas the intergenic spacer presents a tight nucleosomal structure (Fig. **[2](#F2){ref-type="fig"}**). The rRNA coding regions contain intermediate levels of nucleosomes. In agreement with these results, ChIP and qPCR assays showed that levels of histone H3 were very low at the promoter, low in most of the transcribed sequence, and high in the 3´ end of the rRNA coding region and the intergenic spacer \[[@r87]\]. The rRNA gene repeat in *T. brucei* exhibits a similar distribution of histone H3 \[[@r88], [@r89]\]. Interestingly, the nucleosomal patterns observed in the rRNA genes in *L. major* strongly resemble those obtained in a yeast mutant that contains only active rRNA genes \[[@r90]\], which suggests that in *L. major* the ∼12 copies of the rRNA gene repeat might be active in exponentially growing cells \[[@r87]\].

In *L. major*, ChIP experiments revealed that three histone modifications that are generally associated with activation of transcription (H3K14ac, H3K23ac and H3K27ac) are enriched in the promoter region (Fig. **[2](#F2){ref-type="fig"}**) \[[@r87]\]. Interestingly, H3K9me3, which is usually located in transcriptionally silent regions, was also enriched in the promoter region, indicating that this modification could be involved in transcriptional activation of the rRNA genes in this parasite. Notably, H4K20me3, generally related to transcriptional silencing, was enriched all along the rRNA coding region, but was absent from the promoter and the intergenic spacer; which suggests that it does not participate in transcriptional repression of the rRNA genes in *L. major*. Instead, it might be involved in DNA replication or any other process \[[@r87]\].

Interestingly, in *T. brucei* the subunits of the ISWI complex are enriched in the intergenic spacer of the rRNA gene repeat, but depleted from the rRNA genes, which suggests that ISWI might regulate transcription of rRNA genes \[[@r44]\]. Also, ChIP data indicate that the FACT subunit Spt16 is present in the rRNA genes, but absent from the promoter region. The FACT complex is apparently involved in the regulation of processivity of RNA Pol I transcription of the rRNA genes \[[@r50]\]. Moreover, the high mobility group protein TDP1 was found to be highly enriched downstream of the rRNA promoter in *T. brucei*. Interestingly, TDP1 knockdown produced a decrease in rRNA precursor transcripts, which shows that TDP1 plays a key role in RNA Pol I transcription of the rRNA genes in this parasite \[[@r91]\].

7.2. VSG ES Expression
----------------------

In *T. brucei*, but not in other trypanosomatids, RNA Pol I not only produces rRNA, but also synthesizes the mRNAs of the variant surface glycoproteins (VSG) and the EP/GPEET procyclins, which are two of the most abundant proteins in the parasite \[[@r92]\]. VSGs participate in antigenic variation, a survival strategy that allows the bloodstream form of the parasite to escape the host immune system by periodically switching its surface coat proteins \[[@r93], [@r94]\]. *T. brucei* possesses around 15 telomeric VSG Expression Sites (ESs), but only one of them is active at a given time. The VSG gene is localized at the end of a \~50 kb polycistronic unit that contains other genes known as the Expression-Site-Associated-Genes (ESAGs) (Fig. **[3](#F3){ref-type="fig"}**) \[[@r95], [@r96]\]. To achieve monoallelic expression, RNA Pol I transcription of the VSG genes must be tightly regulated. Interestingly, while active VSG ESs are depleted of nucleosomes, inactive VSG ESs are packed into nucleosomes, which shows that chromatin architecture plays an important role in VSG silencing \[[@r88], [@r89]\].

Several chromatin-related proteins have been shown to regulate VSG ES expression \[[@r23], [@r24], [@r97], [@r98]\]. For instance, histone deacetylase DAC3 is needed for silencing at VSG ES promoters in both bloodstream and insect-stage cells \[[@r33]\]. Also, methyltransferase DOT1B is required to sustain rigorous VSG silencing and to guarantee a fast transcriptional VSG switching \[[@r99]\]. It was also demonstrated that histone chaperones ASF1A and CAF-1b participate in VSG ES silencing \[[@r48]\]. The FACT complex also plays a key role in VSG expression, as the knockdown of its Spt16 subunit results in derepression of VSG ES promoters in both bloodstream and insect forms of *T. brucei.* Accordingly, Spt16 was found to be enriched only at promoter regions of silent VSG ESs \[[@r50]\]. Knockdown of each of the four members of the chromatin-remodelling ISWI complex (ISWI, NLP, RCCP and FYRP) results in derepression of silent VSG ESs \[[@r44]\]. Notably, ISWI binds active and inactive VSG ESs, but it does not associate with their promoter regions (Fig. **[3](#F3){ref-type="fig"}**) \[[@r100]\]. Moreover, the telomeric protein RAP1 associates with telomere DNA, and is essential for silencing VSG ESs (Fig. **[3](#F3){ref-type="fig"}**) \[[@r101]\]. Knockdown of RAP1 produced a stronger derepression of genes located within 10 kb from telomeres than genes located further upstream, which indicates that RAP1-dependent silencing antagonizes transcription elongation from ES promoters \[[@r101]\]. In contrast, the Sir2rp1 protein, involved in telomeric gene silencing, does not participate in antigenic variation \[[@r32]\]. Notably, it was found that base J is present in silent VSG ESs, but not in actively transcribed VSG ESs \[[@r102]\]. Base J is principally enriched in the 3´ region of the silent VSG gene transcription unit, in the telomeric repeats and the 50 bp repeats located upstream of the promoter (Fig. **[3](#F3){ref-type="fig"}**) \[[@r102]\]. Thus, epigenetic mechanisms play key roles in the regulation of VSG expression.

Interestingly, it has been shown that the CITFA complex predominantly binds the active VSG ES promoter relative to that of a silent ES, and that it is essential for RNA Pol I transcription of the active VSG ES \[[@r103]\]. The only other known protein required for efficient transcription of the active VSG ES is TDP1, whose depletion resulted in \~70% reduction in VSG transcripts, and a concomitant increase in histones on the active VSG ES \[[@r91]\].

8. RNA POL III TRANSCRIPTION
============================

RNA Pol III produces small essential RNAs, such as tRNAs, 5S rRNA and U6 snRNA \[[@r104], [@r105]\]. In trypanosomatids, RNA Pol III is atypical, as it transcribes all snRNAs genes (not only U6) \[[@r106]\]. Interestingly, snRNA genes in these parasites have a divergently oriented tRNA gene (or a tRNA-like) in their 5´-flanking region, and internal sequences from the neighboring tRNA genes are required for expression of the snRNAs \[[@r107], [@r108]\]. In *L. major*, there are 83 tRNA genes distributed on 19 different chromosomes. Most tRNA genes are organized into clusters of 2 to 10 genes, on either top or bottom strand, which may contain other RNA Pol III-transcribed genes \[[@r4], [@r109]\]. The eleven 5S rRNA genes found in the *L. major* genome are distributed in six chromosomes, and are always associated to tRNA genes \[[@r30]\]. Interestingly, clusters of RNA Pol III-transcribed genes are usually present at convergent SSRs, and they have been associated to RNA Pol II transcription termination \[[@r70]\].

In trypanosomatids, the knowledge of chromatin structure in genes transcribed by RNA Pol III is scarce. In *L. major*, nucleosomal ladders analyzed by Southern blots with two RNA Pol III-transcribed genes that contain internal control elements (tRNA-Lys and 5S rRNA) showed a marked smearing in the micrococcal nuclease digestion profile that indicates an open chromatin structure \[[@r87]\]. By contrast, protein-coding genes (transcribed by RNA Pol II) showed a strong and regularly-spaced nucleosomal structure, which might reflect a relatively low transcriptional rate of RNA Pol II. In agreement with these results, a recent genome-wide study showed that clusters of RNA Pol III-transcribed genes in *L. major* are depleted of nucleosomes \[[@r78]\]. Another genome-wide analysis revealed that peaks of acetylated histone H3 are frequently located in the vicinity of tRNA clusters \[[@r73]\]. Thus, these results demonstrated that, similarly to other organisms, RNA Pol III transcription in trypanosomatids is subjected to epigenetic regulation.

CONCLUSION
==========

It was originally believed that chromatin was not involved in transcriptional control in trypanosomatids. However, numerous publications in the last years have highlighted the importance of epigenetic regulation of gene expression in these organisms. A better knowledge of the proteins and the mechanisms involved in the epigenetic control of transcription initiation and termination in this early-branched group will help us understand the evolution of epigenetic regulation in eukaryotes. It may also help in discovering key targets to control the infections caused by these organisms. Although trypanosomatids seem to share the general aspects of epigenetic regulation, it is becoming evident that they also present some species-specific features. For instance, while base J regulates termination of transcription at the end of each PTU in *Leishmania*, termination at the end of most PTUs occurs in a J-independent manner in *T. brucei* \[[@r65]\], and base J does not seem to be involved at all in transcription termination in *T. cruzi* \[[@r61]\]. It is also worth noting that BDF3 in *T. brucei* is a nuclear protein that participates in transcription initiation \[[@r17]\], whereas the *T. cruzi* orthologue concentrates in the flagellum and the flagellar pocket region \[[@r40]\]. These and other differences will require further analysis.

This work was supported by grant 251831 from CONACyT, and grant IN214715 from PAPIIT (UNAM) to S. Martínez-Calvillo. We thank Ana María Cevallos for critical reading of the manuscript.

ASF1

:   Anti-Silencing Factor 1

BDF

:   Bromodomain-Containg Factor

CAF-1b

:   Chromatin Assembly Factor 1b

CITFA

:   Class I Transcription Factor A

ES

:   Expression Site

ESAG

:   Expression-Site-Associated-Gene

FACT

:   Facilitates Chromatin Transcription

FYRP

:   Phenylalanine/Tyrosine-Rich Protein

HAT

:   Histone Acetyl Transferase

NLP

:   Nucleoplasmin-Like Protein

PRMT

:   Protein Arginine Methyltransferase

PTU

:   Polycistronic Transcription Unit

RCCP

:   Regulator of Chromosome Condensation Protein

RNA Pol

:   RNA Polymerase

SL RNA

:   Spliced Leader RNA

SSR

:   Strand-Switch Region

VSG

:   Variant Surface Glycoprotein

CONSENT FOR PUBLICATION
=======================

Not applicable.

CONFLICT OF INTEREST
====================

The authors declare no conflict of interest, financial or otherwise.

![Epigenetic regulation of protein-coding genes in trypanosomatids. Schematic representation of a hypothetical chromosome that contains four PTUs, showing the distribution of the epigenetic marks involved in transcription regulation. Transcription of the first and second PTUs (left part of the figure) is divergent, whereas transcription of the third and four PTUs (right part of the figure) is convergent. Nucleosomes located at the vicinity of transcription initiation regions (labelled with arrows) contain histone variants H2A.Z and H2B.V \[[@r17]\]. Histones H3 in such nucleosomes are acetylated at K9/K14 and tri-methylated at K4, while histones H4 are acetylated at K10 \[[@r17], [@r73]\]. The bromodomain factor BDF3 also binds at transcription initiation regions \[[@r17]\]. Transcription termination regions show enrichment of histone variants H3.V and H4.V \[[@r17]\] and base J \[[@r63], [@r64]\]. The relative position of nucleosomes along PTUs \[[@r78]\] is indicated at the top of the figure.](CG-19-140_F1){#F1}

![Distribution of histone modifications in the rRNA gene repeat of *L. major*. The promoter region (arrow) is enriched with H3K9me3, H3K14ac, H3K23ac and H3K27ac \[[@r87]\]. The distribution of H4K20me3 is also indicated. 63-bp repeats are present in the intergenic spacers. The relative position of nucleosomes along the rRNA genes is indicated at the top of the figure \[[@r87]\].](CG-19-140_F2){#F2}

![Epigenetic VSG ES silencing. Representation of a VSG ES transcription unit, showing the location of the VSG gene (\~50 kb downstream of the transcription start site) and the ESAGs. The distribution of ISWI, RAP1, Sir2rp and base J in a silent VSG ES is indicated \[[@r32], [@r97], [@r101], [@r102]\]. Inactive VSG ESs are packed into nucleosomes (top of the figure), unlike active VSG ESs that are depleted of nucleosomes \[[@r88], [@r89]\].](CG-19-140_F3){#F3}
